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1 Introduction

At RAN1#87, the possibility of URLLC DL transmission at already scheduled eMBB DL resources was agreed. At the RAN1 NR AdHoc#1 meeting, the consensus was achieved regarding the need of preemption indication with details FFS. At the last RAN1#88bis meeting, the following agreements regarding the dynamic DL multiplexing were made:
RAN1#88bis Agreements:
	Working assumption:

· The structure of a data channel (PDSCH and PUSCH (if applicable)) including DMRS is independent from whether it is scheduled on resources that are preempting or not preempting another users data transmission.

Agreements:  

· No new physical channel specific for indication of DL resources being preempted by another DL transmission is introduced

· FFS whether the indication is based on NR-PDCCH or a group common PDCCH

· FFS location of the indication

· FFS timing of the indication


In this contribution, we analyze aspects relevant to DL multiplexing of URLLC and eMBB transmissions. Other aspects related to NR URLLC and eMBB multiplexing for UL are discussed in our companion contribution [1].
2 Purpose of the Indication

From previous studies, it was observed that there are cases when taking into account the pre-emption event in decoding the initial transmission can restore the whole transport block even without retransmissions in case of low-to-medium data rates for QPSK and QAM16 modulations and for relatively short pre-empting signals as shown in [2].
For the higher data rate transmissions, the main purpose of the indication should be in aiding proper soft combining of the corrupted initial transmission and the retransmission. The proper soft combining at least includes flushing the corrupted soft bits from the buffer.
As a special case, pre-emption of retransmission resources is also possible. E.g. if the initial transmission is failed due to channel conditions (typically in ~10% of cases with link adaptation) but the retransmission get pre-empted, the pre-emption indication should help to identify which soft metrics should be combined and which not.
Therefore, there are cases when the pre-emption indication is beneficial along with retransmission of impacted data and the cases when the pre-emption may restore the decoding without additional retransmissions. In that sense, it is natural to decouple the mechanisms of indication and retransmission.
Proposal 1

· NR should support separate pre-emption indication without scheduling of retransmissions of the impacted data
3 Indication Channel and Timing
According to the prior agreements, no new channel to be introduced to carry the pre-emption indication. There are two main candidates: DCI in a USS/CSS PDCCH and group common PDCCH. Since there is lack of agreements on whether group common PDCCH has a dedicated structure or this is just a DCI format in CSS, the discussion in this section is under and assumption that either type of PDCCH is used. The following candidates in terms of indication timing are being considered:
Option 1: Indication is carried in the impacted slot (nth slot). There are two flavors of such indication:

· Option 1A: The indication is multiplexed in the same time resources with the pre-empting signal. This may be done by e.g. allowing UEs to read the DCI scheduling the pre-empting transmission. However, it is not always possible due to potentially different numerologies. Therefore, the indication may be TDM-ed/FDM-ed with the pre-empting transmission. This option is attractive from several consideration points:
· The resources for indication may puncture the PDSCH similar to the pre-empting signal therefore do not require reserved resources solely for the indication.
· Immediate indication can be beneficial to aid the impacted transmission decoding in self-contained manner.
· Such immediate indication can be unified with the UL pre-emption signaling to stop UL transmissions.

· Option 1B: Indication is carried by the end-slot PDCCH (in nth slot). Although formally this indication is carried within the impacted slot, there is no benefits in terms of processing latency and support of self-contained operation. Moreover, resources for such PDCCH either need to be semi-statically reserved or need to be dynamically borrowed from the shared channel resource elements. The dynamic allocation requires either puncturing or rate-matching. The puncturing will cause the similar issues as the pre-emption signal itself unless it is small and distributed so that the impact on effective code rate is minimal. The rate-matching may complicate the UE behavior and may not always be possible depending on transmission parameters.
Option 2: Indication is carried by the next slot PDCCH, (in n+1 available slot for PDCCH transmission). This option is friendly to system operation since it does not introduce additional monitoring occasions to UEs and does not require dynamic sharing of resources with shared channels. Additionally, such indication may be combined with scheduling of a retransmission of the impacted data in case of self-contained operation.
Option 3: Indication is carried by the k-th slot PDCCH, (in n+k slot), k > 1. In such scenario, there is not much motivation to have the indication before the originally scheduled HARQ feedback since there is a little chance to take the indication and potential retransmission into account for generating the feedback.
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Figure 1. Indication timing and channel options.

Technically, all the options are already possible by configuration, however, some of them should not be typically used. For example, the Option 1B seems does not have any benefits comparing to other options and can be discarded. Although the Option 1A is also attractive from preserving the processing latency, there may be increased UE complexity and power consumption concerned with the increased PDCCH monitoring rate. Additionally, due to the agreement on no new channel for the indication, usage of PDCCH for such indication will substantially reduce useful resources for the pre-empting transmission (e.g. URLLC).
For Options 2 and 3, the HARQ feedback timing may be updated further. This may be achieved via implicit update of the HARQ-ACK feedback timing to the next available opportunity for HARQ-ACK transmission, or may be explicitly conveyed as part of the preemption indication itself, e.g., the DCI conveying the preemption indication signal.
In general, the decision on the indication channel would depend on supported retransmission mechanisms, however, as we indicated in Section 2, there are benefits to have a dedicated indication mechanism decoupled from the retransmissions. Therefore, Options 1A and 2 can be considered for singling a dedicated pre-emption signal.
Proposal 2

· Preemption indication signal using a compact DCI in CSS and/or USS to indicate pre-empted resources in terms of physical resources may be transmitted in the next available slot that is monitored by the affected UE(s)
4 Indicated Information
It needs to be decided which channel will carry the pre-emption indication and what is actually signaled in the pre-emption indication. The following two main approaches are envisioned:

· Indication of pre-empted physical resources

· Indication of pre-empted CBs / CBGs

These two schemes are discussed in more details in the subsections below.

4.1 Indication of pre-empted physical resources

This indication can be both UE-specific and group-specific (i.e. broadcast) since the notion of physical resources is common for all UEs configured with a given numerology. In case there are affected UEs with different numerologies, the indication may be sent for all different numerologies or for one “default” numerology which can be used to derive the affected resources in any other numerology.
The possibility to indicate pre-empted resources in broadcast manner is beneficial especially in case the pre-empting transmission (e.g. URLLC) affects multiple scheduled UEs. In this case the broadcast indication may require less system resources to deliver the pre-emption information. As a special case, the pre-emption signal may affect resources carrying system information blocks. In this case the common pre-emption indication may help to decode the messages by adjusting the decoding metrics.
4.1.1 Monitoring of the indication

Monitoring of the pre-emption indication should be configurable through semi-static signaling according to presence/support of low latency services and related UE capabilities. However, even if the pre-emption monitoring is configured it is desirable to minimize the blind decoding overhead. The following should be considered to preserve blind decoding complexity:
1) Blind decoding preserving “pre-emption DCI” design
a. The DCI carrying the pre-emption indication may be designed to cause the minimum additional UE efforts to decode it. For example, the size of the DCI may be the one of the commonly used by gNB for typical operation (scheduling of typical DL and UL transmissions) in order not to add more decoding hypotheses. In that case, the differentiation of this DCI may be done by scrambling (e.g. RNTI) or by the content.
b. Any other common DCI which needs to be monitored by active UEs may carry the indication.
2) “Pre-emption DCI” monitoring triggering conditions
a. A UE may be triggered to search for the pre-emption indication only if decoding of one of the code blocks fails in order to realize the reason of the failure. The triggering condition may only work if there is a sufficient latency budget between the affected channel and the pre-emption indication.
b. In a more general case, this pre-emption indication may be monitored only if there are active HARQ processes at a UE.

From the discussed aspects of pre-emption monitoring, it can be concluded that there are multiple mechanisms to do it efficiently without causing additional complexity at the UE.
4.1.2 Indication content

As it was discussed above, the main advantage of the indication in terms of physical resources is the possibility to transmit it in groupcast / broadcast manner that is beneficial in case of multiple affected UEs (e.g. multiple low data rate UEs are served). It should be noted, that when multiple low data rate UEs are served simultaneously, then their transmissions will likely contain only one or a few code blocks. In such scenarios, there are clear benefits to indicate the preempted resource even without retransmissions since the likelihood of successful TB decoding increases substantially in case of low-to-medium code rates [2].

However, relatively large signaling overhead is envisioned for such approach due to potentially more signaling combinations comparing to the CBG-based indication. In this subsections both time domain and frequency domain resources are analyzed separately.
Time domain

In time domain, the pre-empting transmission may affect any portion of the slot with up to symbol level granularity. That would require at most ~14 bits to indicate as a bitmap. Additionally, since the pre-emption indication may be signaled in later slots, a mechanism to link the time instance of the indication with the impacted slot is needed. A default assumption would be to configure the fixed timing relationship. This however would impose scheduling restrictions and may require from gNB to reserve control resources for such indication in case of pre-emption. In that sense, at least minimum flexibility to indicate the impacted slot is desirable, e.g. 1-2 bit to indicate an offset between the indication instance and puncturing instance. Another option (also applicable for CBG-based indication) is to constrain that the preemption indication must be transmitted in the next available slot for PDCCH (excluding, say, UL slots) if the indication is not transmitted together with a retransmission grant following the HARQ RTT. Thus, the preemption indication may either be transmitted in the next available PDCCH monitoring occasion for the affected UE(s) or as part of retransmission assignment following usual HARQ RTT. Thus, for the indication of preempted physical resources, the time domain indication may only need to indicate the affected symbols within a slot. Potential reduction of the signaling may be done by increasing the granularity of indication or introducing a limited set of puncturing patterns.
Frequency domain

In frequency domain, the signaling of pre-empted resources is more complicated due to the following supported NR features:
· Wideband operation with multiples PRBs 

· Frequency selective scheduling with fine granularity
· Distributed frequency allocation

Taking into account that a pre-empting transmission may typically be wideband (e.g. URLLC), a coarse frequency domain granularity may be enough for indication. Therefore, at least the affected bandwidth parts need to be indicated. For finer granularity of impacted resources within a BW part, the indication could be in terms of the Resource Block Groups (RBGs) that may be defined and used for frequency domain resource allocation of PDSCH with size of ‘P’ PRBs depending on the BW of the concerned BW part.
Spatial domain

A default assumption for initial NR release should be that the pre-emption punctures all layers in order to avoid potential impact on URLLC transmission. Therefore, there is no need to indicate which AP/layer is punctured.
4.2 Indication of pre-empted CBs / CBGs

This mechanism relies on potential reuse of the framework of CBG-based HARQ retransmissions and multi-bit HARQ feedback support. This mechanism may only be supported in UE-specific manner since it uses a particular UE’s transmission code-block segmentation assumptions. Therefore, signaling of pre-emption indication to all impacted UEs may introduce noticeable overhead. However, if such pre-emption indication is combined with scheduling of retransmissions following HARQ RTT, the overhead may be acceptable.
The indication itself should be carried in the DCI scheduling retransmissions. The DCI should carry at least one bit of information which indicates whether the previous occasion of CBG was pre-empted or not in order to adjust the decoding metrics accordingly. In a more general case, a bitmap over retransmitted CBGs to indicate whether a CBG was preempted or not may be signaled.
Proposal 3
· Preemption indication signal indicating pre-empted CBGs may only be transmitted along with the DCI scheduling CBG-based retransmissions
5 Retransmission of the Impacted Data

In some cases, when gNB expects that the impacted transmission can be decoded by the receivers taking into account only pre-emption indication, e.g. due to low MCS, the gNB can refuse from retransmission of the impacted data without waiting for an actual feedback. In other cases, the gNB may decide to retransmit the affected CBGs/TB in order not to wait for the feedback. In both cases, the UE processing timeline should be carefully studied. Current agreements assume that the timing between PDSCH reception and HARQ feedbacks transmission can be dynamically signaled in DCI. When receiving the DCI, the UE can use the whole response delay for processing of the original TB. In case the CBG retransmission for the same HARQ process is scheduled before the time instance of response (also sometimes referred as a “subsequent transmission”), there are the following scenarios to be considered:
1) Scenario 1: A UE keeps the configured HARQ timing for the original TB

a. The UE transmits the first HARQ feedback based on decoding results w/o taking into account the retransmitted CBGs. The UE transmits the second HARQ feedback taking into account the retransmitted CBGs.

b. The UE transmits one HARQ feedback based on decoding result taking into account the retransmitted CBGs.

2) Scenario 2: A UE updates the configured HARQ timing for the original TB

a. The UE transmits one HARQ feedback in the time instance configured by the DCI scheduling the CBG retransmission based on decoding result taking into account the retransmitted CBGs.

Note, that depending on UE implementation it may not be possible to follow Scenarios 1b and 2a since those assume a UE has processing delay less than the initial HARQ response delay.
On the other hand, such retransmission prior to HARQ RTT may not need to be supported at all. The main benefit of such subsequent transmission is latency reduction as shown in Figure 2, where the latency increases at least by one slot comparing to the original timeline without pre-emption events (shown in Figure 3). For a large initial RTT, the latency savings may be significant, however it is not clear why for large RTT additional latency saving are crucial. Given that NR already supports flexible timing relationships including HARQ RTT, for eMBB UEs with latency demands may simply be configured with shorter RTT and any retransmission can follow ACK/NACK feedback. This can avoid requiring eMBB UEs to reprocess PDSCH CBGs in the middle of an existing HARQ time-line or to shift the timelines by one or more slots.
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Figure 2. Illustration of processing time-lines in case of subsequent transmission and 1-slot ACK/NACK delay.
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Figure 3. Conventional RTT with CBG-based retransmissions and 1-slot ACK/NACK delay.
Proposal 4

· CBG-based retransmission before A/N does not affect the configured A/N timing for the associated HARQ process and follows its own A/N timing configuration
6 Conclusions

In this contribution, we discussed the issue of DL URLLC and eMBB multiplexing. Based on the discussion and analysis, we have the following proposals:
Proposal 1

· NR should support separate pre-emption indication without scheduling of retransmissions of the impacted data
Proposal 2

· Preemption indication signal using a compact DCI in CSS and/or USS to indicate pre-empted resources in terms of physical resources may be transmitted in the next available slot that is monitored by the affected UE(s)

Proposal 3
· Preemption indication signal indicating pre-empted CBGs may only be transmitted along with the DCI scheduling CBG-based retransmissions

Proposal 4

· CBG-based retransmission before A/N does not affect the configured A/N timing for the associated HARQ process and follows its own A/N timing configuration
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